Depending on each nitrogen atom of adenine molecule to which a silver atom of a metallic tip approaches, tip-enhanced near-field Raman spectroscopy may show a potential to achieve atomic site-selective detection sensitivity. Molecular vibrational calculations show that silver atoms and adenine molecule create several isomers generating specific vibrational modes of each isomer that are shifted or not observable in isolated adenine molecule itself. Here, the authors observe the specific vibrational modes and spectral shifts of isomers experimentally and are in good agreement with their calculations.
I. INTRODUCTION
Tip-enhanced Raman spectroscopy has been recognized as a very promising spectroscopic and microscopic technique to detect molecular vibrations with nanoscale spatial resolution. [1] [2] [3] [4] [5] [6] [7] [8] In our previous works, we visualized dye molecules 9 and characterized some nanomaterials such as single walled carbon nanotubes 10, 11 and stained silicon. 12 To further improve the spatial resolution and sensitivity, we applied tip-enhanced nonlinear vibrational spectroscopy. We refer to this technique as tip-enhanced coherent anti-Stokes Raman spectroscopy ͑CARS͒, which achieved 15-nm spatial resolution capable of detecting adenine molecules included in a DNA network structure. 13, 14 All the subsequent works on tip-enhanced Raman spectroscopy are based on electric field enhancement effect due to the excitation of surface plasmon polaritons at a nanometer sized sharpened metallic probe tip apex. [15] [16] [17] [18] [19] This principle is developed from the same concept used in surface enhanced Raman scattering ͑SERS͒.
20, 21 Accordingly, tip-enhanced Raman spectroscopy has been recognized as ͑tip-enhanced Raman scattering͒ ͑TERS͒ in contrast to SERS. 1 The concept of TERS using electric field enhancement is illustrated in Figs. 1͑a͒ and 1͑b͒. TERS goes beyond the diffraction limited optical resolution with a spatial resolution of 10-30 nm, which is limited by the size of the enhanced electric field localized at the tip apex that corresponds to the diameter of the probe tip. 19 To further break this limitation and observe single molecules, one idea is to utilize a nonlinear optical technique such as CARS ͑Refs. 13 and 14͒ and second harmonic generation ͑SHG͒ ͑Refs. 22 and 23͒, which allows us to further confine the photons localized at the tip apex. However, this technique is still ultimately limited by the tip diameter. In this work, we propose an approach that utilizes the existence of metallic atoms located in close proximity of the target molecules. The electronic structures of the molecules are changed due to the interaction with the metallic atoms. Accordingly, the internal vibrational modes can be affected. The proposed technique makes use of the metallic atoms at the end of the tip, which is analogous to the tunneling current in a scanning tunneling microscope ͑a single atom in an extreme case͒. Tip-enhanced spectroscopy possesses the potential to achieve atomic resolution in optical vibrational spectroscopy ͓Fig. 1͑c͔͒. Here we demonstrate atomic site-selective sensitivity on adenine molecules by using TERS with a silver probe tip. We show both theoretically and experimentally the existence of specific vibrational modes and spectral shifts of some modes of each adenine-silver isomer.
II. CALCULATION CONDITIONS
The calculation methods in this paper are based on density functional theory using GAUSSIAN03 software ͑Gaussian Inc.͒, and the details can be found in our previous work. 24 The geometrical structure of the adenine molecule was optimized at the B3LYP functional using the 6 -311+ G͑d , p͒ basis set, which was then followed by calculations of the vibrational properties at the same level of theory using the same basis set. Optimized free adenine and adenine-silver isomers are illustrated in Fig. 2 using the MOLDEN program. 25 Only in the case of the Ad-N10 isomer is the silver atom located above the plane ͑flat-on adsorption 26, 27 ͒ in contrast to the other isomers ͑side-on adsorption [28] [29] [30] ͒. Since we concluded that the observed TERS spectrum in our previous result was attributed to one specific isomer ͑Ad-N3͒, Raman spectra and potential energies as a function of bond distance were calculated only for Ad-N3 and Ad-N7 isomers in the previous work. 24 However, in this paper, we recalculated Raman spectra and potential energies for all four isomers because we experimentally observed some other isomerspecific features ͑e.g., 20 , 22 of Ad-N10 isomer in Fig. 8 of Ref. 24͒, which are recognized as spurious peaks in our previous work. 24 The calculated potential energies as a function of the bond distance are also shown in Fig. 2 . The optimized bond distances of the nitrogen atom of adenine and the silver atom of a metallic tip are ͑Ad-N1͒ 2.524 Å, ͑Ad-N3͒ 2.503 Å, ͑Ad-N7͒ 2.503 Å, and ͑Ad-N10͒ 2.966 Å, respectively. Figure 3 shows the calculated Raman spectra of each adenine isomer at its optimized bond distance in addition to that of free adenine. The frequency range between 600 and 850 cm −1 is expanded for clarity, because it includes an important Raman active mode, ring breathing mode. The calculated frequencies of these isomers were uniformly scaled by the same factor of 0.9942 ͑Ref. 24͒ and were in good agreement with our previous work for free adenine. 10 Four types of vibrational modes are found in the range between 600 and 850 cm −1 ; ͑A͒ in-plane ring-deforming mode, ͑B͒ out-ofplane ring-deforming mode, ͑C͒ ring breathing mode, and ͑D͒ out-of-plane ring bending mode. These vibrational modes are illustrated in Fig. 4 . Discussion compared with experiments is focused on these four vibrational modes. In our experiments, we used a silver coated tip with a spring constant of 0.03 N / m, where the apex diameter was 5 -10 nm. In this case, the bond distance between the nitrogen and silver atoms can easily shrink down to 2.0 Å. 24 Accordingly, the calculations shown in this paper were carried out between 2.0 to 5.0 Å of bond distance between the nitrogen and the silver atom ͑Ref. 40͒. It is noted that a silver tip is simplified to a single silver atom in our calculation. For detailed analysis, a silver cluster model consisting of several silver atoms 31 is promising for future steps. However, as far as we investigated, the overall features such as spectral shifts are almost the same using cluster model as features using a single atom model. The major difference using the cluster model is a shortening of the equilibrium bond distance, i.e., 2.233 Å for Ad-N3 isomer calculated by tetramer 32 silver cluster model. For the first step towards atomic siteselective sensitivity single silver atom could be enough to know the effect of the existence of a silver tip at this current stage.
III. EXPERIMENTAL CONFIGURATIONS
The tip-enhanced Raman spectroscopy was carried out under an optimized radially polarized illumination with a tight focusing geometry ͓Fig. 1͑a͔͒ by a high numerical aperture ͑=1.4͒ objective lens. 33 The radially polarized illumination was generated by eight divided half-wave plates with a different direction of each slow axis ͑Nanophoton Inc.; Zpol͒. Linearly polarized illumination light from a frequency doubled neodymium-doped yttrium aluminum garmet laser ͑: 532 nm, 2 mW͒ is introduced into the divided wave plate resulting in pseudoradial polarization. A metallic tip was prepared by coating silver onto a silicon cantilever ͑Silicon-MDT Ltd. Ultrasharp CSC12͒ with a thickness of 40 nm by a thermal evaporation process. The tips were characterized by scanning electron microscope before and after each experiment. A custom-made atomic force microscope head ͑SII Nanotechnology Inc.͒ was utilized for the distance control between the metallic tip and a sample surface. The sample used here is a nanocrystal of adenine molecules, similar to the ones used in our previous work.
24 FIG. 3 . Calculated Raman spectra of four isomers at the optimized bond distance of nitrogen and silver atom shown in Fig. 2 in comparison with free adenine molecule. Right column is the expanded spectrum of each spectrum between 600 and 850 cm −1 , in which the RBM is contained. Figure 5͑a͒ shows a tip-enhanced Raman spectrum of an adenine nanocrystal as well as a micro-Raman spectrum of a bulk adenine sample ͓Fig. 5͑c͔͒, which was measured to include one of the most active Raman modes, the ring breathing mode ͑RBM͒ of adenine ͑=721 cm −1 ͒. Figure 5͑b͒ corresponds to the micro-Raman spectrum ͑without a metallic tip͒ of the same nanocrystal of Fig. 5͑a͒ , and ten times magnified spectrum is also shown in the figure for clarity. While micro-Raman spectra of both the nanocrystal and the bulk sample exhibited the same peak position at 721 cm −1 , the tip-enhanced Raman spectrum shows a large spectral shift to 737 cm −1 . This is a unique phenomenon observed only for the Ad-N3 isomer according to the calculation results shown in Fig. 6͑a͒ . Depending on the tip pressure applied to adenine molecules, the peak at 721 cm −1 is shifted to 741 cm −1 at 2.0 Å. It is noted that a downward frequency shift is observed for the Ad-N10 isomer when the bond distance become less than 2.6 Å, which is due to the coupling of the different vibrational modes with the out-of-plane ring deforming motion ͑vide infra͒.
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IV. COMPARISON BETWEEN EXPERIMENTS AND CALCULATIONS
Aside from the characteristic peak shift of the RBM, several peaks are observed at 632, 681, 795, and 816 cm −1 . The peaks are indicated by arrows in Fig. 5͑a͒ . The peak at 632 cm −1 , which is originally located at 615 cm −1 due to in-plane ring deforming mode ͓band ͑A͒ in Fig. 3͔ , is shifted to higher frequency for the case of Ad-N1 and Ad-N10 isomers. This spectral shifts and Raman intensities are summarized in Fig. 6͑b͒ . Among the four possible isomers, Ad-N1 and Ad-N10 show a large spectral shift and a high intensity enhancement. However, in order to induce a large spectral shift of the in-plane ring-deforming mode for the Ad-N10 isomer, the bond distance has to be less than 2.3 Å. As discussed above, when the bond distance becomes less than 2.6 Å, a downward frequency shift of RBM occurs for the Ad-N10. In the tip-enhanced Raman spectrum, the corresponding frequency shift is not observable. Thus, the peak at 632 cm −1 indicates the existence of Ad-N1 isomer below the end of a tip. According to our previous calculations, 24 Ad-N10 has its characteristic modes at 681 and 807 cm −1 originating from the out-of-plane ring-deforming mode ͓band ͑B͒ in Fig. 3͔ and out-of-plane ring-bending mode ͓band ͑D͒ in Fig. 3͔ , respectively. 24 The corresponding peak of 807 cm −1 is observable at 795 cm −1 both in the tip-enhanced spectrum and the micro-Raman spectrum of the bulk sample. It is not possible to detect a peak at 795 cm −1 in the micro-Raman spectrum of the nanocrystal. However, with TERS, the peak at 795 cm −1 and an additional peak at 816 cm −1 are recognizable. This peak is due to the spectral shift of the out-ofplane ring-bending mode of Ad-N10 isomer. At a reduced distance of 2.6 Å in an Ad-N10 isomer ͑equilibrium distance of nitrogen and silver atom is 2.966 Å͒, Fig. 6͑c͒ shows a large spectral shift and a strong enhancement of the Raman intensity. This spectral shift can be attributed to the fact that the mode is strongly coupled with the NH 2 out-of-plane bending motion at a reduced distance ͑ϳ2.5 Å͒.
Furthermore, the out-of-plane ring-deforming mode at 681 cm −1 is generated only in the case of Ad-N10 isomer, which is clearly seen in Fig. 6͑d͒ . This peak is observable experimentally in the tip-enhanced Raman spectrum at 681 cm −1 . The bond distance dependence of Raman frequency and the intensity of the peaks relating to the out-ofplane ring deforming mode are summarized in Fig. 6͑d͒ . As discussed earlier, for a bond distance below 3.0 Å, the peak is shifted to higher Raman frequencies. However, at a bond distance of 2.6 Å, a strong mode coupling with the RBM is induced, resulting in a sudden downward shift of the Raman frequency. In the tip-enhanced Raman spectrum, this downward shift is not observed, implying that the bond distance of Ad-N10 isomer is more than 2.6 Å in Fig. 5͑a͒ . This lends additional support the fact that the Raman peak observed at 632 cm −1 is due to the in-plane ring-deforming mode of Ad-N1 isomer. Note that in the case of free adenine molecules without metal, the out-of-plane ring-deforming mode at 681 cm −1 is not active at all and is not observable even in the micro-Raman spectrum of the bulk adenine sample ͓Fig. 5͑c͔͒.
These specific vibrational modes are strongly dependent FIG. 4 . Assigned vibration modes shown in Fig. 3 . Capitals ͑A͒-͑D͒ correspond to the same bands classified by the same capital alphabets ͑A͒-͑D͒ in Fig. 3 ͑A͒ is in-plane ring-deforming mode, ͑B͒ is out-of-plane ringdeforming mode, ͑C͒ is ring breathing mode, and ͑D͒ is out-of-plane ringbending mode.
FIG. 5. ͑a͒ Tip-enhanced Raman ͑with a metallic tip͒ and ͑b͒ micro-Raman ͑without a metallic tip͒ spectra of an adenine nanocrystal. ͑c͒ Micro-Raman spectrum of bulk adenine sample. ͑d͒ Three sets of tip-enhanced Raman spectra of RBM at different positions of the nanocrystal. The excitation wavelength is 532 nm. The exposure time is 60 s for ͑a͒-͑c͒ and 10 s for ͑d͒, respectively.
on the bond distance between the silver and the nitrogen atom of each isomer. In other words, the spectral shifts and intensity enhancements depend on the force applied by the metallic tip. Note that in addition to the observed spectral shifts of ͑a͒ the RBM, ͑b͒ the in-plane ring-deforming mode, ͑c͒ the out-of-plane ring bending mode, and ͑d͒ the out-ofplane ring deforming mode, there are several specific vibration modes showing large spectral shifts and strong intensity enhancements. For example, one of the most characteristic modes is the NH 2 out-of-plane bending mode that exhibits a FIG. 6 . Calculated Raman shifts and intensities of five vibrational modes as a function of the bond distance between silver atom and nitrogen atom ͑Ag-N͒. ͑a͒ RBM, ͑b͒ in-plane ring-deforming mode, ͑c͒ out-of-plane ring-bending mode, ͑d͒ out-of-plane ring-deforming mode, and ͑e͒ NH 2 out-of-plane bending mode. Zoomed features of Raman intensities of ͑a͒ and ͑b͒ are also plotted as insets.
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Site-selective sensitivity in tip-enhanced Raman spectroscopy J. Chem. Phys. 125, 244706 ͑2006͒ very unique, large spectral shift and enhancement summarized in Fig. 6͑e͒ . The original vibrational mode is not active in the absence of a metal atom; however, in the presence of a metal atom, the NH 2 out-of-plane bending mode of the Ad-N10 isomer exhibits an enormous spectral shift ranging from Ͻ100 to Ͼ 1000 cm −1 . Moreover, the intensity is drastically enhanced at a distance below 2.5 Å, which affects the other vibrational modes as well. This effect coincides with upward cross shifting of nearby Raman modes such as the out-of-plane ring bending motion at 2.5-2.6 Å, which was discussed earlier. Throughout the TERS experiments, we observed several unassignable strong Raman peaks ͑data not shown͒ when changing the tip pressure. The NH 2 out-ofplane bending mode could be the possible cause of the peaks. In the current nanocrystal sample of adenine, the local orientation distributed in the nanocrystal could be different under the metallic tip so that multiple silver atoms at the end of the tip touch multiple adenine molecules of the nanocrystal, which results in the averaged characteristic features of either Ad-N1, Ad-N3, or Ad-N10 observed in the tip-enhanced Raman spectrum ͓Fig. 5͑a͔͒. Similarly, the tip pressure applied to the nanocrystal is not perfectly uniform so that the spectral shift or the intensity enhancement varies within the nanocrystal, resulting in spectral broadening or peak separation. For example, Fig. 5͑d͒ shows the RBM in other tipenhanced Raman spectra of the adenine nanocrystal obtained by changing the tip force from 0.5 to 3.5 nN. In this case, an original peak at 721 cm −1 of RBM is shifted to higher frequency or even split into two bands due to the characteristics of the Ad-N3 isomer. This feature indicates that the local orientation of the nanocrystal under the tip is consistent with an Ad-N3 isomer; however, various tip-pressures were applied due to the inhomogeneous contact between the nanocrystal and the metallic tip. At present, applying a uniform tip pressure to the target molecules is practically impossible because of the rough metal tip surface and the stability of the system under atmospheric ambient conditions. In the future, precise verifications of atomic site-selective sensitivity should be done on a single crystal or at the single molecule level; however, for this purpose, an even greater signal enhancement based on the excitation of surface plasmon polariton at the tip is required. Recently, single molecule detections by SERS have been reported on several dye molecules 36, 37 and also on adenine molecules. 38, 39 Optimized TERS geometry could provide us with a single molecule sensitivity in the same manner for detailed analyses of the proposed atomic site-selective detections of TERS.
V. CONCLUSION
The observed spectral shifts and intensity enhancements of tip-enhanced Raman spectra demonstrated atomic siteselectivity of TERS. Since the spatial resolution in our proposed technique is determined by the size of the very end of the metallic tip that has direct contact with the molecules, this is a very promising approach to improve the spatial resolution of the near-field microscope, which is normally strictly limited by the size of the enhanced electric field in general. For more accurate analyses, the spectral range between 1300 and 1700 cm −1 is also very important; however, higher spectral resolution would be required because lots of vibrational modes are closely distributed within the spectral range. Recently, we have also reported a tip-pressure effect on carbon materials in TERS. 34, 35 The major difference proposed here is the active use of a single silver atom, while the tippressure effect is based on the physical structural change induced by the tip, which does not need to be metallic.
